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ABSTRACT: Exposure, as well as toxicity, determines whether rodenticides present real environmental hazards to nontarget
animals. In order to combine exposure and toxicity, a compartment model is proposed which distinguishes transfer processes
from accumulation of residues. The published literature relevant to the model is analysed, and some important gaps in
knowledge are highlighted. Simple sub-models of rat feeding behaviour and mortality are combined into a simulation model
which generates data on both efficacy of control and build-up of residues in live rats and carcases. The roles of feeding
parameters (e.g., palatability, availability of alternative food) as well as toxicity are emphasised by the simulation results.
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the species which make up the compartments, and the
transfer processes which describe the movement of toxins
between compartments. In general, it is easier to obtain data
on laboratory toxicity and on the toxin levels in the
compartments than on the dynamics of the transfer processes,
and registration authorities generally place most emphasis on
laboratory toxicity and residues found in the field when
evaluating potential ecological hazards of pesticides.

INTRODUCTION
In many countries, there is increasing concern about
possible adverse environmental effects of pesticide use. Many
registration authorities require some sort of evaluation of
environmental risk before authorising or re-licensing use of a
pesticide, and ideally this evaluation would involve objective
assessment of the hazard that might be posed to a range of
organisms exposed to a toxic compound, and whether the
perceived risk of environmental damage outweighed the
benefits of use of the toxin. In practice, toxicity data tend to
outweigh other considerations, mainly because toxicity data are
more easily and precisely estimated than exposure. In the
United Kingdom, the brown rat Rattus norvegicus Berk, is the
main rodent pest of agriculture, and control is based mainly
on slow-acting, multiple-dose rodenticides. Warfarin is still
widely used with surplus or sustained baiting, though the use
of difenacoum, bromadiolone, brodifacoum and flocoumafen
(called the second-generation anticoagulants) has increased
since their introduction in the late 1970s and early 1980s.
Some authors have raised concerns about a higher acute
toxicity of second-generation anticoagulant rodenticides to
birds (Shawyer 1987). However, because the more toxic
anticoagulants can be used to achieve effective rodent control
with less frequent application over shorter time periods, it
might be that the consequent reduction in exposure would
outweigh their higher toxicity. Alternatively, the difference in
exposure might be less important than the large difference in
toxicity. Objective assessment of these ideas is not possible
without examining the whole system and devising a means of
quantifying hazards in an ecological context. Cox and Smith
(1990) suggested that a compartment model of the
ecotoxicology system might be of some use in evaluating both
exposure and toxicity. We shall first describe a conceptual
model of rodenticide ecotoxicology, then analyze the literature
relevant to that model, and finally examine the properties of
a simulation model based around control of the brown rat in
the United Kingdom.

Figure 1. General ecotoxicology model.

The generalised model can be developed into a system
more specific to rodent control (Fig. 2). Nontarget species
which may be at risk are of three types:
1.
2.

RODENTICIDE ECOTOXICOLOGY SYSTEM
A generalised compartment model (Fig. 1) describing the
movement of a toxic compound through the environment was
proposed by Cox and Smith (1990). There are two distinct
components at the heart of the system: the levels of toxin in

3.
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nontarget bait feeders which risk primary poisoning
by consuming bait (e.g., small mammals, granivorous
birds).
predators which risk secondary poisoning by eating
target rodents, nontarget small mammals or birds
(e.g., foxes, owls).
scavengers which risk secondary (or tertiary)
poisoning by eating dead bodies of intoxicated
animals of any type.

examples of published data on residue analysis in live-trapped
rats and carcasses. Dubock (1984) contrasts the distribution of
brodifacoum residues in carcasses of dead R. norvegicus
Berk, collected following pulsed baiting and saturation baiting
with 0.005% brodifacoum bait on UK farms. The mean
levels of rodenticide residue were lower with pulsed baiting
(1.4 mg/kg) than saturation baiting (3.2 mg/kg); the
distributions were different in that saturation baiting produced
a higher frequency of carcasses with higher residues, including
8% (2/26) with residues above 10 mg/kg body weight. These
and similar data reported by Hoque et al. (1987) and Johnson
and Scott (1986), however, are the outcome of two transfer
processes (feeding and mortality), and may be affected by a
third transfer process (predation) if predation is not random
with respect to rodenticide level. We will now attempt to
model the two transfer processes producing target residues.
Simple Probabilistic Model of Feeding
The primary determinant of rodenticide level in an
individual animal (target or nontarget) is feeding. Of
particular interest are a neophobic response to bait, the
probability of feeding on bait on successive occasions, and the
effect of intoxication on feeding. There are few data against
which to compare predictions. Buckle et al. (1986) used
chemical bait markers to study bait uptake in R. norvegicus
on two UK farms. In a 4-day baiting period, it was possible
to determine how many rats in a trapped sample had fed 0,
1, 2, 3 or 4 times (Table 2a), and we will use their data to
test the predictions of two models.

Figure 2. Conceptual model of rodenticide ecotoxicology.

Invertebrate scavengers (e.g., blowflies) and excretion in
faeces and urine contribute to the "Sink" and will not be
considered in the model.
Although oversimplified, the compartment model in
Figure 2 is already complex. Each transfer function will be
different according to the species and toxins involved, and
Hone (1986) in modeling only two of the transfers (feeding
and death of target rodents) invoked 15 to 17 control
parameters. Clearly, in considering the ecotoxicology system,
we have to reduce the system to its qualitative elements in
order to show where data are lacking before we can hope to
simulate toxin movement with any degree of accuracy. Our
approach here is to reduce the transfer processes to a small
number which we can represent with a manageable set of
parameters. First, we will summarise the relevance of the
published literature on transfer and accumulation of
anticoagulant rodenticides in relation to Figure 2. The six
transfer processes that we will consider are as follows:
1.
2.
3.
4.
5.
6.

(a) Simple binomial-In a simple binomial model, the
probability p that an animal feeds from bait on a given night
is independent of whether that animal feeds on any other
night and of the behaviour of other animals. The frequency
distribution of the number of times an animal feeds from bait
in the four nights is given by the terms of the binomial
expansion (p + q)4 where q = 1-p is the probability of not
feeding on any given night. Out of 600 rat-nights in the data
of Buckle et al. (1986), there were 416 rat-nights when
animals fed, giving an estimate of p = 0.693. The expected
frequencies generated by the simple binomial are given in
Table 2b and the model clearly does not fit (combining
groups 0 and 1, X2(4) = 152; P<0.001). The model fails
because there were too many rats which fed not at all or on
all four nights.

primary feeding on poison bait by the target rodents,
mortality due to primary and secondary poisoning of
targets and nontargets,
feeding on carcasses by vertebrate scavengers,
predation of target and nontarget vertebrates,
primary feeding on poison bait by nontarget
vertebrates,
transfer of poison to soil from carcasses.

(b) Binomial neophobia-In what we call "binomial neophobia"
the probability that an animal feeds on bait for the first time
on any given night is p, and the probability that it feeds on
bait on each successive night is r>>p. For simplicity, we first
assume that r = 1, that is, neophobia is overcome completely
to the extent that an animal becomes "bait-happy" once it has
eaten bait. A crude estimate of p can be obtained by noting
that the proportion of animals which feed on all four nights
is p while the proportion of those which do not feed at all is
(1-p) 4 . Setting p = 0.5 gives expected proportions of 0.5 and
0.0625 for animals which feed on bait four or zero times,
respectively, corresponding well with the data (Table 2a). The
proportion of animals feeding on n out of 4 days is
p(l-p) (4-n) for n>0 and (1-p)4 for n = 0. The expected
numbers in each of the five feeding categories are shown in
Table 2b. Although this model clearly underestimates the
number of animals which feed on bait once only and in
consequence does not fit in detail (X 2 (4) = 63.7; P<0.001),

Table 1 shows that some processes (e.g., mortality, predation)
are covered quite well, whereas others (e.g., transfer to the
soil) are hardly covered at all.

A
MODEL
OF
TRANSFER
AND
ACCUMULATION
There are several approaches that could be adopted to
modelling Figure 2. We will first consider a simple
probabilistic model of feeding and then incorporate mortality
to produce a simple model which we believe is at least
conceptually useful and may shed some light on, for example,
the relative hazards of different baiting systems, bait
concentration, or levels of toxicity.
Although the frequency distribution of rodents carrying
different levels of rodenticide is of primary interest in
assessing hazard to predators and scavengers, there are few
48

neophobia model of feeding as a first approximation because
it has a minimum number of parameters and accurately
predicts the main features of the only relevant published data.

on bait (a) on no nights, (b) on some but not all nights, or
(c) on every night, the predictions are remarkable good (X2(2)
= 0.05; P>0.95). We shall therefore use the binomial

Table 1. Analysis of literature relevant to the rodenticide ecotoxicology compartment model. See Table for key to transfer
processes (1-6) and compartments (A-F).
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anticoagulants act in the same way, our model is independent
of the particular compound once an animal has been lethally
dosed. The transition probabilities listed in Table 3a were
not estimated from a particular set of data, but are simply
numbers chosen because they are consistent with experience
and generate a realistic distribution of time to death (Table
3b). According to the model, no animals die until four days
after consuming a lethal dose (though in reality, a few might
die sooner), the median time to death is 4 to 5 days, and less
than 5% of animals survive beyond 8 days. The device that
we use of setting up several compartments with equal rates of
transfer has been used to model distributed developmental
time-delays in population dynamics (Smith and Mead 1974)
and generates a unimodal gamma distribution (the special
Erlangian) for the total time between lethal dose and
haemorrhage (Cox 1962).

Table 2. Data on the number of nights out of four nights of
successive baiting that rats fed from bait-points in two U.K.
farm trials (Buckle et al. 1986). The data from the two farms
are homogeneous (test of heterogeneity: X 2 = 3.23, 4 d.f.;
P >0.10).
2a. Number of nights rats were feeding.

Table 3. Mortality model
3a. Daily transition probabilities.

2b. Values predicted by models compared with data.

3b. State changes in time following lethal dose.

Mortality Model
There is a much larger set of literature on mortality than
on feeding. All rodenticides are extensively tested against a
range of target and nontarget species in laboratory toxicity
tests, the conceptual basis of which is that the dose of toxin
received by an animal affects the probability that it will die.
Unfortunately, it is not straightforward to incorporate such
data into a mathematical model representing Figure 2. Acute
toxicity differs to a greater or lesser extent from chronic
toxicity (Ashton et al. 1986) and for anticoagulants there is a
variable time-delay between ingestion of a lethal dose and
onset of lethal symptoms. Here we will concentrate on
developing a simple sub-model of mortality which is specific
to anticoagulant poisons and again uses a minimal number of
parameters.
Once an individual rodent has consumed a lethal dose of
any anticoagulant, it progresses through a series of
physiological states before it dies. We will represent the
progression by a series of compartments, for each of which a
probability is specified that on the next day an animal will
progress to the next (as opposed to stay in the same)
compartment (Table 3a). Since it is believed that all

Having specified a structural model of mortality, the only
parameters which are compound-specific and determine entry
to the mortality sub-model are the median toxicity (LD50) and
the variability of response (the slope of the dose-response
curve); these parameters determine whether an individual is
lethally dosed or not, having consumed a given quantity of
poison bait.
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COMPUTER
SIMULATION
ACCUMULATION

OF

values of 10 or 30% represent geometric rather than
arithmetic means.

RESIDUE

In order to predict the likely exposure of predators and
scavengers to rats carrying rodenticide, we simulated the buildup of anticoagulant rodenticide in both live rats and carcasses.
As noted in the Introduction, it could be that a more toxic
compound might present less hazard than a compound with
lower toxicity if rapid and effective rodent control resulted in
much reduced exposure. In our simulations, we therefore
compared two hypothetical compounds A and B with toxicities
defined as follows: A) a first-generation anticoagulant with a
multiple-dose oral LD50 of 25 mg/kg, and B) a more toxic,
second-generation anticoagulant with an oral LD 5 0 of
0.25 mg/kg. In both cases, the concentration of active
ingredient in bait was set at 50 mg/kg. This defines A as a
multiple-feed poison (an animal must consume bait amounting
to half its body weight to take in one LD 50 ), while B is
potentially a single-feed poison (bait amounting to less than
1% of its body weight contains one LD50 ).

Lethal Dosing and Elimination
The dose that would be just sufficient to kill an individual
was assumed to be approximately normally distributed with a
mean equal to the LD 50 specified and a standard deviation
set at 10% of the mean; this generates a much steeper doseresponse curve for the more toxic compound B than for A,
which is in accord with general experience. For a given
residue level, the dose-response curve specifies the probability
s that an individual animal will move from the "feeding" to the
"lethally dosed" state (Table 3a). A random number x
uniformly distributed between 0 and 1 was generated for each
"feeding" individual each day to determine whether transition
to "lethally dosed" would take place (if s > x). Transitions
between the different states in Table 3a were similarly
determined by whether a random number x was less than a
transition probability.
Not all rodenticide consumed is absorbed and retained.
First-generation anticoagulants such as warfarin are in part
excreted unchanged and also metabolised by various species
(e.g., Townsend et al. 1981). Second-generation anticoagulants such as flocoumafen are characterised by a biphasic
elimination in rats, with substantial excretion of unmetabolised
compound in the first few days after ingestion followed by
much slower elimination of a very small quantity of compound
from a specific binding site in the liver (Parmar et al. 1987,
Huckle et al. 1988, Huckle et al. 1989). In our simulations,
we approximated these processes by assuming 30% elimination
of residue each day, which corresponds to a realistic two-day
half-life of residue in the rat.
Elimination was assumed to carry on unchanged when an
animal was progressing through the different stages of
anticoagulant poisoning prior to death. Feeding was reduced
to zero in about 4 days from the entry into the "lethally
dosed."

Feeding
We assumed provision of excess bait (surplus or
saturation baiting) throughout the simulated control operation
(up to 25 days). The feeding sub-model was "binomial
neophobia" with p = 0.5 and r = 1 as defined previously.
For each neophobic individual in the population on each day,
a random number x was drawn from a uniform distribution
between 0 and 1, and the rat moved from the "neophobic"
state to the "feeding" state if x > 0.5.
Daily food intake was fixed as a proportion of individual
body weight. Once in the feeding state, on each day an
animal took a proportion of its daily food intake from
poisoned bait (given average values of 10% or 30% in our
simulations). We also introduced some daily variability in
individual bait-take. An individual took the average value
with probability 0.8, half the average with probability 0.1, or
twice the average with probability 0.1; thus the average
Table 4. Computer simulation results

Control of rat populations (100 individuals) was simulated using the feeding and mortality sub-models specified in the text for
two compounds with contrasting LD50 values: A. 25 mg/kg, B. 0.25 mg/kg. Animals do not start feeding on bait until they
overcome their initial neophobia (the second day, on average). The "mean lag, feeding-death" is the mean number of days
between when an animal starts to feed on bait and when it dies. The rodenticide residue levels are determined by the amount
of bait consumed and the elimination of compound (30% per day).
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is related to bait palatability as well as to the availability and
palatability of alternative food. Under the assumptions of our
model, it seems that the concentration of the active ingredient
of compound B in bait could be reduced well below 50 mg/kg
in order to lower mean carcass residue levels without
adversely affecting efficacy, though efficacy might then be
reduced if average bait consumption was substantially less
than 10% of daily food intake or there was more variability
than assumed in the dose-response curve.
Although the residue levels were substantially higher for
compound A, they were not increased in proportion to the
l00x higher LD 50 value. Most carcass residues were less
than the LD 50 because, in contrast with the single-feed poison
B, 30% elimination per day was not outweighed by
accumulation through continued feeding (in our model, during
the 4 or more days between consumption of a lethal dose
and death, more than 75% of that lethal dose would be
eliminated). Thus, if residues were measured as rat LD 50
equivalents, the carcass residues for compound B could
represent a greater potential hazard to scavengers, depending
on exposure (if most rats die underground, there will be very
little exposure for either compound).
However, the story might be different for predators.
Predator exposure to hazard depends very much on the time
lag between when a rat starts to feed on bait and when it
dies; for compound A, this lag was doubled (10.7 days) or
more than trebled (17.9 days) compared with compound B
(5.0 or 5.5 days) and, if bait consumption was low (10%),
more than a tenth of the rats in our simulation would be
wandering around alive with substantial levels of compound A
more than 25 days after the start of control.
Whether there is a real risk of secondary poisoning to
either predators or scavengers depends on their feeding
behaviour, and how they may respond to the presence of rats
at different stages of poisoning. We are currently investigating
experimentally changes in various aspects of rat behaviour
after anticoagulant poisoning, and we hope soon to be able to
incorporate realistic representations of the transfer functions
3 and 4 in Figure 2 in order to be able to predict residue
levels accumulating in predators and scavengers. Using our
existing model, we will first examine the effects of different
baiting strategies (pulsed baiting and permanent bait-points,
compared with fixed period saturation baiting), and also of
behavioural exclusion of subdominant rats from bait-points
(Dubock 1982, 1984) for which we have recently found
support in a field experiment (Cox and Smith 1990, Fig. 4).
Also, we must carry out a fuller sensitivity analysis to discover
which parameter estimates are the most critical.

Results
Table 4 summarises the main results of the computer
simulations. Each simulation dealt with a population of 100
rats. Since the simulations were in part stochastic (with
degrees of randomness in feeding and mortality sub-models),
five replicate simulations were run. However, the results of
replicates were so similar that only the first replicate of each
of the four parameter combinations is presented here. The
main features of Table 4 are discussed below.

DISCUSSION
In this paper, we have attempted to look at rodenticide
ecotoxicology as a system, and in our analysis we found it
useful to distinguish between the parts of the system where
rodenticide might accumulate and the transfer processes that
lead to accumulation (Figs. 1, 2). In doing this, we hoped to
emphasise the ecological context of toxicity data on which
registration authorities understandably place so much
emphasis.
Our literature survey (Table 1) revealed a paucity of
published information in some areas of our compartment
model (Fig. 2), and we therefore decided to concentrate on
establishing realistic sub-models which we could put together
in order to predict rodenticide residue levels in live rodents
and carcasses. We chose to concentrate on brown rats in the
United Kingdom because most of our work is in this area,
and there is a reasonable body of information about this
system. In our simulations, we compared two hypothetical
anticoagulant rodenticides with differing toxicities (A. LD50 =
25 mg/kg; B. LD 50 = 0.25 mg/kg in brown rats). The
remainder of this Discussion is about the simulation results
summarised in Table 4, and how we intend to continue with
this approach.
In our simulations, considering efficacy first it is clear
(and not surprising) that the more toxic compound B achieved
surer and faster control than compound A. Indeed, when
bait amounted to 10% of total daily food intake, compound
A with LD 50 = 25 mg/kg achieved only 89% control in 25
days of surplus baiting. Compound B with LD 50 = 0.25
mg/kg killed most rats within one week of starting baiting
whether bait was 30% or only 10% of total daily food intake,
and within the range of parameter values used here was truly
a "single-feed" poison. The lower toxicity of compound A led
to most animals dying between 2 and 3 weeks after starting
baiting.
Turning to the carcass residue levels, for the more toxic
compound B, most dead rats (99%) had residues higher than
the LD 50 as an inevitable consequence of the delayed action
of anticoagulants. In our simulations, animals carried on
feeding after consuming a lethal dose and indeed up until
death, and we will have exaggerated the carcass residue levels
if (as we have observed in the laboratory) animals go off
eating as symptoms of haemorrhage appear. Nevertheless,
the results of the simulations for compound B are remarkably
close to the mean carcass residue level of 3.2 mg/kg reported
by Dubock (1984) for a saturation baiting treatment with
brodifacoum, generally reckoned to have an LD 50 of 0.26
mg/kg. This gives us some confidence in the ability of our
model to predict realistically the transfer and accumulation of
anticoagulant rodenticides.
We had to assume what seemed to us to be reasonable
values of bait intake (10% or 30%). Reliable field data on
bait consumption by individuals as a proportion of their total
daily food intake are not available, but clearly the proportion

LITERATURE CITED
ASHKAM, L. R. 1986. Anticoagulant translocation and
plant residue studies in crops. Vertebr. Pest Conf.
12:133-139. Univ. of Calif., Davis.
ASHTON, A. D., W. B. JACKSON, and H. PETERS. 1986.
Comparative evaluation of LD 50 values for various
anticoagulant rodenticides. Pages 187-197. In: Control
of Mammal Pests (C.G.J. Richards and T.Y. Ku, eds.).
Taylor and Francis, London.
BALCOMB, R. (1986) Songbird carcasses disappear rapidly
from agricultural fields. The Auk 103:817-820.
BROWN, R. A., A. R. HARDY, P. W. GREIG-SMITH, and
P. J. EDWARDS. 1988. Assessing the impact of
rodenticides on the environment. Bulletin OEPP/EPPO
Bulletin 18:283-292.

52

BUCKLE, A. P., E. M. ODAM, and C. G. J. RICHARDS.
1986. Chemical Bait Markers for the study of bait
uptake by Norway rats. Pages 199-213. In: Control of
Mammal Pests (C.G.J. Richards and T.Y. Ku, eds.).
Taylor and Francis, London.
BUNN, D. S., A. B. WARBURTON, and R. D. S. WILSON.
1982. Effects of pesticides. The Barn Owl. pp 178-181.
BUTCHER, A. D. 1965. How easy is it to find the corpses?
Oryx 8(3):154-155.
COLVIN, B. A. 1984. Barn Owl foraging behaviour and
secondary poisoning hazard from rodenticide use on
farms. PhD thesis, Bowling Green State University,
Bowling Green, OH.
COX, D. R. 1962. Renewal Theory. Methuen, London.
COX, P. R., and R. H. SMITH. 1990. Rodenticide
ecotoxicology: assessing non-target population effects.
Functional Ecology 4. (in press).
DUBOCK, A. C. 1982. Pulsed baiting - a new technique for
high potency, slow acting rodenticides. Vertebr. Pest
Conf. 10:123-136. Univ. of Calif., Davis.
DUBOCK, A. C. 1984. Pulsed baiting - a new technique for
high potency, slow acting rodenticides. Pages 105-142.
In: Proceedings of a Conference on the Organisation &
Practice of Vertebrate Pest Control (A.C. Dubock, ed.).
ICI Plant Protection Division, Fernhurst, Surrey.
DUBOCK, A.C. 1986. The evaluation of potential effects
on non-target vertebrate populations as a result of
pesticide use. Pages 257-269. In: Proceedings of the
Second Symposioum on Recent Advances in Rodent
Control, Kuwait, 1986 (A.H.H. Mohammed, T.M.
Zaghoul, A.M. Salit and M. Zakaria, eds.). Ministry of
Public Health, Kuwait.
DUCKETT, J. E. 1984. Barn owls (Tyto alba) and the
"second generation" rat-baits utilised in oil palm
plantations in Peninsular Malaysia. Planter, Kuala
Lumpur 60:3-11.
EDWARDS, P. J., R. A. BROWN, J. M. COULSON, and
A. P. BUCKLE. 1988. Field methods for studying the
non-target hazard of rodenticide. Pages 77-88. In: Field
Methods for Studying Environmental Effects of
Pesticides (M. P. Greaves, P. W. Greig-Smith and B. D.
Smith, eds.).
ERLINGE, S. 1975. Feeding habits of the weasel Mustela
nivalis in relation to prey abundance. Oikos 26:378-384.
FINK, R. J., and M. J. JABER. 1981. The laughing gull
(Larus atricilla) as a model for the assessment of
secondary poisoning. Avian and Mammalian Toxicology:
Second Conference (Lamb, D.W. and & E.E. Kenaga,
eds.). ASTM STP 757.
GLUE, D. E. 1974. Food of the Barn owl in Britain and
Ireland. Bird Study 21:200-210.
GODFREY, M. E. R. 1985. Non target and secondary
poisoning hazards of "second generation" anticoagulants.
Acta Zoologica Fennica 173:209-212.
GRAND, M. 1976. Données experimentales sur un nouveau
raticide anticoagulant: le bromadiolone. Phytiatric.
Phytopharmacie 25:69-88.
GROLLEAU, G. 1983. Le rodenticide anticoagulant
Bromadiolone est-il dangereux pour les animaux
prédateurs et en particular les rpaces? La Défense des
Végétaux 219:14-22.
HEGDAL, P. L., T. A. GATZ, and E. C. FITE. 1981.
Secondary effects of rodenticides on mammalian
predators. Worldwide Furbearer Conference Proceedings.
Frostburg MD. Vol. III pp. 1781-1793.

HEGDAL, P. L., B. A. COLVIN, and R. W.
BLASKIEWICZ. 1984. Field evaluation of secondary
hazards to barn owl (Tyto alba) and screech owl (Otus
asio) associated with brodifacoum baits used for rodent
control. Pages 647-662. In: Proceedings of a Conference
on the Organisation and Practice of Vertebrate Pest
Control (A.C. Dubock, ed.). ICI Plant Protection
Division, Fernhurst, Surrey.
HEGDAL, P. L., and R. W. BLASKIEWICZ. 1984.
Evaluation of the potential hazard to barn owls of Talon
(brodifacoum bait) used to control rats and house mice.
Environmental Toxicology and Chemistry 3:167-179.
HEGDAL, P. L., and B. A. COLVIN. 1988. Potential hazard
to eastern screech owls and other captors of brodifacoum
bait used for vole control in orchards. Environmental
Toxicology and Chemistry 7:245-60.
HOQUE, M. M., J. L. OLVIDA, F. L. ANDRES, R. A.
BROWN, R.A., M. RAMPAUD, and A. P. BUCKLE.
1987. Safety and efficacy of Rodent Control with
brodifacoum wax blocks in a rice growing village in the
Philippines. 11th International Congress of Plant
Protection, Manila, Philippines (abstract).
HUCKLE, K. R., D. H. HUTSON, and P. A. WARBURTON.
1988. Elimination and accumulation of the rodenticide
flocoumafen
in rats
following repeated oral
administration. Xenobiotica 18:1465-1479.
HUCKLE, K. R., D. H. HUTSON, C. J. LOGAN, B. J.
MORRISON, and P. A. WARBURTON. 1989. The
Fate of the Rodenticide Flocoumafen in the Rat:
Retention and Elimination of a single oral dose.
Pesticide Science 25:297-312.
JOHNSON, R. A., and R. M. SCOTT. 1986. Flocoumafen
- a new second generation anticoagulant rodenticide. In:
Proceedings, seventh British Pest Control Conference,
Guernesey, June 1-3 1986. session 5 paper 3.
KAUKEINEN, D. E. 1982. A Review of the secondary
poisoning hazard potential to wildlife from the use of
anticoagulant rodenticides. Vertebr. Pest Conf. 10:151158. Univ. of Calif., Davis.
KOTLER, B. P., J. S. BROWN, R. J. SMITH, and W. O.
WIRTZ II. 1988. The effects of morphology and body
size on rates of owl predation on desert rodents. Oikos
53:145-152.
LORGUE, G., and P. BERNY. 1989. Les intoxications
animales par les rodenticides La Défense des Végétaux
255: 38-42.
LORGUE, G., K. NAHAS, G. KECK, and M. RAMPAUD.
1986. Intoxication of domestic and wild animals by
anticoagulant rodenticides - a synthesis of data from the
French national veterinary antipoison center. Vetebr.
Pest Conf. 12:82-87. Univ. of Calif., Davis.
LUND, M. 1981. Comparative effect of the rodenticides
warfarin, difenacoum and brodifacoum on eight rodent
species in short feeding periods. Journal of Hygiene,
Cambridge 87: 101-107.
MENDENHALL, V. M., and L. F. PANK. 1980. Secondary
poisoning of owls by anticoagulant rodenticides.
Wildlife Society Bulletin 8(4):311-315.
METZGAR, L. H. 1967. An experimental comparison of
screech owl predation on resident and transient white
footed mice (Peromvs leucopus). Journal of Mammalogy
48:387-391.
MYLLYMÄKI, A. 1984. Efficacy of a number of toxic baits
and baiting against the voles, Microtus agrestis and
Arvicola terrestris. Vertebr. Pest Conf. 11:38-46. Univ.
of Calif., Davis.
53

SMITH, R. H., and R. MEAD. 1974. Age structure and
stability in models of prey-predator systems. Theoretical
Population Biology 6:308-322.
SOUTHERN, H. N. 1954. Tawny Owls and their prey. Ibis
96:384-410.
SOUTHERN, H. N., and V. P. W. LOWE. 1968. The pattern
of distribution of prey and predation in Tawny owl
territories. Journal of Animal Ecology 37:75-97.
TAYLOR, J. C, H. G. LLOYD, and J. F. SHILLITO. 1968.
Experiments with warfarin for grey squirrel control.
Annals of applied Biology 61:312-321.
TOWNSEND, M. G., M. R. FLETCHER, E. M. ODAM,
and P. E. STANLEY. 1981. An assessment of the
secondary poisoning hazard of warfarin to tawny owls.
Journal of Wildlife Management 45:242-248.
TOWNSEND, M.G., P. J. BUNYAN, E. M. ODAM, P. I.
STANLEY, and M. P. WARDALL. 1984. Assessment of
secondary poisoning hazard of warfarin to least weasels.
Journal of Wildlife Management 48:628-631.

NORTH, P. M. 1985. A computer modeling study of the
population dynamics of the screech owl (Otus asio)
Ecological Modeling 30:105-143.
PAPWORTH, D. S. 1958. A Review of the dangers of
Warfarin poisoning to animals other than rodents. Royal
Society of Health Journal 78:52-60.
PARMAR, G., H. BRATT, R. MOORE, and P. L.
BATTEN. 1987. Evidence for a common binding site
in vivo for the retention of anticoagulants in rat liver.
Human Toxicology 6:431-432.
RUDEBECK, G. 1950. The choice of prey and modes of
hunting of predatory birds with special reference to their
selective effect. Oikos 3:200-231.
SAXENA, Y., and R. K. SHARMA.
1984.
Efficacy of
brodifacoum (Talon) bait against three rodent species.
Vertebr. Pest Conf. 11:101-102. Univ. of Calif.. Davis.
SHAWYER, C. R. 1987. The Barn Owl in the British Isles.
The Hawk Trust, London.

54

